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 Abstract 
The rapid increase in atmospheric carbon dioxide is causing global warming but also changes 
in the ocean chemistry. When carbon dioxide dissolves in seawater it changes the carbonate 
chemistry towards lower levels of carbonate minerals and lowers pH, i.e., the water becomes 
less basic, a process called ocean acidification. This can have detrimental effects on many 
marine organisms. In eutrophic areas, such as the Baltic Sea, acidification is also caused by 
decaying organic matter as bacterial remineralisation releases carbon dioxide. Naturally, there 
are fluctuations in temperature, pH, and oxygen both with time and depth. In this thesis, I show 
that copepod zooplankton experience large daily fluctuations in temperature, oxygen and pH 
in a coastal pelagic area due to variability in physicochemical variables with time and depth 
and through their daily migrations in the water column. Further, I analysed monitoring data, 
and looked at the wintertime changes in pH, temperature and salinity in the Gulf of Finland 
during the past 36 years and found that all variables have changed. Sea temperature has 
increased and pH and salinity decreased.  
Copepods are a vital part of the food chain as food for fish, and even small changes in their 
abundance could have far-reaching effects on the ecosystem. I studied the responses of two 
calanoid copepods, Eurytemora affinis and Acartia sp. to increased carbon dioxide and lowered 
pH in laboratory-based experiments using water and copepods from large mesocosms deployed 
in a coastal pelagic area in south-western Finland. E. affinis offspring production remained 
unaffected by carbon dioxide, whereas both food quantity in terms of phytoplankton 
availability and quality, as well as essential fatty acids of the copepod mothers, seemed to be 
important in regulating offspring production. Adult body size of Acartia sp. was reduced in 
high fCO2, corresponding values projected for the end of the century, which is alarming 
considering the negative effect of warming on copepod body size. An egg-transplant 
experiment with Acartia sp. revealed maternal effects, however, the maternal effects could 
only compensate for negative effects of intermediate levels of fCO2.  
Based on the results in this thesis I conclude that although copepods are adapted to low pH on 
shorter time scales, there is a risk of negative effects of ocean acidification. Further, I discuss 
the secondary causes of acidification, and the importance of monitoring and management to 
reduce the negative effects on ecosystems. 







Koldioxidhalten i atmosfären ökar snabbt vilket leder till global uppvärmning. Haven tar upp 
stora delar av både värmen och koldioxiden. Då koldioxiden löses i havsvattnet sjunker pH, 
dvs. vattnet blir mindre basiskt och halten karbonatjoner minskar. Den här processen kallas 
havsförsurning. Havsförsurningen framskrider snabbt och påverkar många vattenlevande 
organismer och utgör, tillsammans med uppvärmningen, ett hot mot ekosystemen. I övergödda 
områden bidrar också andra mekanismer till försurningen. Då organiskt material från tex 
algblomningar bryts ner av bakterier, avges koldioxid. Temperatur, syre och pH varierar 
naturligt både över tid och med djupet i havet. I den här avhandlingen beskriver jag de 
variationer i olika fysikalisk-kemiska variabler som hoppkräftor upplever i sin naturliga miljö 
nära kusten och visar på att de genom sin dygnsvandring mellan yta och botten upplever stora 
förändringar. Jag har också använt långtidsdata och undersökt hur temperatur, pH och salthalt 
förändrats i Finska viken under de senaste 36 vintrarna. Resultaten visar att havet blivit 
varmare emedan pH och salthalten minskat.  
Hoppkräftor är en oersättlig del av födokedjan i haven, eftersom de utgör föda för fisk. Redan 
små förändringar i hoppkräftornas förekomst kan ha allvarliga effekter för ekosystemet. Jag 
har undersökt hur två arter av hoppkräftor, Eurytemora affinis och Acartia sp., påverkas av 
förhöjd koldioxidhalt och sänkt pH i experiment. Jag deltog i ett internationellt samarbete där 
havsförsurning simulerades i stora säckar i havet (mesokosmer) i ett kustnära område i 
sydvästra Finland. Produktionen av avkomma hos E. affinis påverkades inte till följd av 
försurningen, medan både mängden föda (växtplankton biomassa) och födokvaliteten 
(essentiella fettsyror och artsammansättning) påverkade produktionen av avkomma. Resultaten 
visar att vuxna individer av Acartia sp. hade mindre kroppsstorlek i hög koldioxid, vilket är 
alarmerande eftersom kroppsstorlek hos hoppkräftor även minskar med ökad temperatur. Ägg 
från Acartia sp. kläcktes i högre utsträckning i samma vatten som honorna vistats i än i 
kontrollvatten, men endast om modern inkuberats i vatten med medelhöga koldioxidnivåer. 
Resultatet tyder på att maternella effekter inte kunde kompensera för de negativa effekterna av 
havsförsurning motsvarande koldioxidhalten i havet år 2100. 
Baserat på resultaten i den här avhandlingen drar jag slutsatsen att det finns en risk för att 
havsförsurningen har negativa effekter på hoppkräftorna, trots att de i sin naturliga miljö utsätts 
för stora variationer i pH. Vidare diskuterar jag de andra orsakerna till havsförsurningen och 
åtgärder som kunde vidtas för att begränsa den lokala belastningen på ekosystemen. 
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1 Introduction 
1.1 Climate change and ocean acidification  
Anthropogenic emissions have dramatically increased the levels of carbon dioxide (CO2) in 
the atmosphere since pre-industrial time (IPCC, 2013, Le Quéré, 2015). The oceans and 
enclosed seas moderate climate change by absorbing additional heat and CO2 (Gattuso et al., 
2015). This comes with a great cost. When carbon dioxide dissolves in seawater, it changes 
the carbonate chemistry and lowers the pH (Caldeira and Wickett, 2003, Doney et al., 2009). 
The process is termed “ocean acidification” (OA), although surface waters remain alkaline. 
The simplified chemical reaction (Fig. 1) can be explained as follows: CO2 reacts with water, 
forming carbonic acid that rapidly dissociates into bicarbonate and hydrogen ions. Carbonate 
reacts with hydrogen ions and form more bicarbonate. The concentration of hydrogen, 
bicarbonate and dissolved CO2 is increasing, whereas the concentration of carbonate ions 
decreases. So far, the atmospheric pCO2 has increased from 280 to 400 µatm and average ocean 
pH has decreased by 0.1 units (Le Quéré, 2015). The conditions in the oceans have already 
changed more than during the glacial-interglacial cycles (Pelejero et al., 2010). The rate of 
change is 100 times faster than during the last 50 million years (Caldeira and Wickett, 2003, 
IPCC, 2013), and too fast for weathering to have a significant impact on the saturation state of 
carbonate minerals. In today's oceans, the carbonate mineral saturation horizon is shoaling 
(Doney et al. 2009) and some areas, such as the Baltic Sea surface waters, will be under-
saturated within a few decades (Orr, 2011). Under-saturation of calcium carbonate minerals, 
such as calcite and aragonite, has detrimental effects on especially corals, coccolithophores, 
pelagic molluscs such as pteropods, and shell-building organisms (Fabry et al., 2008, Doney 
et al., 2009, Kroeker et al., 2013).  
Many physiological processes and intracellular enzymes are pH sensitive. CO2 diffuses 
through the body, reacts with internal body fluids, causing H+ to increase inside the body and 
pH to drop. The regulation of internal pH increases the energy demand and respiration and can 
reduce the scope for growth (Pörtner et al., 2005, Pedersen et al., 2014a). Increased pCO2 and 
lowered pH can induce effects on many different traits, such as survival, reproduction, 
metabolism, development (Fabry et al., 2008, Kroeker et al., 2013) and body size (Fitzer et al., 
2012). Behavioural changes, such as reduced activity and impaired escape ability have been 
reported for molluscs, crustaceans and fish (Briffa et al., 2012, Jutfelt et al., 2013).  
Copepods are the most abundant multicellular animals on Earth (Schminke, 2007), with 
approximately 11,500 species (Humes, 1994). They constitute an essential part of the food web 
as food for fish (Cushing, 1990). Copepods also control the phytoplankton bloom by grazing 
and thereby affect the cycling and vertical flux of nutrients (Banse, 1995, Wassmann et al., 
1998). Copepods show variable sensitivity to OA, with effects on lowered egg production and 
hatching (Thor and Dupont, 2015) and changes in metabolic processes and respiration (Cripps 
et al., 2016, Pedersen et al., 2014a), whereas many studies show high phenotypic buffering of 
adult copepods (Kurihara and Ishimatsu, 2008, Weydmann et al., 2012, McConville et al., 
2013, Vehmaa et al., 2013, Zervoudaki et al., 2014). In contrast, eggs and early life stages seem 
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to be more vulnerable (Fitzer et al., 2012, Cripps et al., 2014, Thor et al., 2016). There is also 
a risk of indirect effects of OA through changed food quantity and quality for the copepods. 
The timing and composition, as well as nutritional value in terms of increased carbon: nitrogen 
(C:N) ratio (Schoo et al., 2013) or essential fatty acids (Rossoll et al., 2012) of primary 
producers can be affected.  
When considering potential impact on marine biota it is, however, important to consider the 
synergistic effects of both natural and anthropogenic contributions to OA, as well as changes 
on different time scales. Other processes that generate dissolved inorganic carbon and CO2, 
such as mineralisation of primary production and dissolved organic matter (DOM), also add to 
the acidification (Hoikkala et al., 2015, Mostofa et al., 2016). The rate and degree of 
acidification vary with latitude, water temperature, strength of the different processes involved 
and distance from the coast (Mostofa et al., 2016). 
 
 
Fig. 1. The simplified explanation of processes involved in ocean acidification. Carbon dioxide 
(CO2) dissolves in the water and reacts to form carbonic acid (H2CO3), which dissociates into 
bicarbonate (HCO3
-) and hydrogen ions (H+). Excess CO2 reacts with water and carbonate leading 
to decreased levels of carbonate minerals. In coastal pelagic areas, primary production (PP) and 
dissolved organic matter (DOM) from runoff are remineralized by microbes, which also causes 
acidification.  
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The consequences of climate change are already seen in many areas of the world. OA affects 
many different parts of the food web and ecosystem processes. Any significant change could 
have severe consequences for the ocean and the people depending on it. Many ecosystem 
services are threatened, such as fisheries, coastal protection and recreation (Gattuso et al., 
2015). Since climate change and OA are affecting all parts of the world, it is, opposite to many 
other problems, a common concern. Despite this, the awareness of OA is still limited. The 
projected increase in pCO2 is 1000 µatm and 0.3-0.4 unit pH decrease by the end of the century 
(IPCC, 2013). Still UNFCCC (United Nations Framework Convention on Climate Change) 
does not mention OA. The Paris Agreement on limiting global warming to 2 ºC came into force 
in November 2016, however, recent calculations show the goal to be impossible to meet with 
current national action plans (http://ec.europa.eu/clima/policies/international/ 
negotiations/paris_en). Even if the 2 ºC change would be met, it is still not enough to avoid 
ocean acidification (Gattuso et al., 2015). 
 
1.2  Natural fluctuations and coastal areas  
In coastal pelagic areas, there is a large variability in the carbonate chemistry (Cai et al., 2011, 
Sunda and Cai, 2012, Kelly and Hofmann, 2013, Wallace et al., 2014). There are natural 
fluctuations in pH on inter-annual, seasonal, monthly, daily time scales, and sometimes even 
shorter scales (Johnson et al., 2013, Waldbusser and Salisbury, 2014, Mostafa et al., 2016). 
For the open ocean, the atmospheric CO2 is the main cause of acidification, whereas the 
biogeochemistry affecting the coastal system is more complex and many processes combined 
drive the changes (Duarte et al., 2013). pH is largely affected by phytoplankton photosynthesis 
and respiration, hypoxia due to increased stratification and warming (Wallace et al., 2014) and 
increased runoff of freshwater and organic matter (Gustafsson et al., 2015). Eutrophication 
causes large CO2 uptake, through algal blooms, and there is a high correlation between 
dissolved oxygen (O2) and acidification in coastal waters (Cai et al., 2011, Sunda and Cai, 
2012, Melzner et al., 2013, Wallace et al., 2014). The blooms take up CO2 and cause rapid 
increase in O2 and pH in the surrounding water. When organic matter is respired by bacteria, 
uptake of O2 by the bacteria, causes oxygen depletion and acidification close to the bottom 
(Sunda and Cai, 2012, Wallace et al., 2014). This aspect of coastal acidification has been 
largely overlooked until recently. CO2 in deep water is dependent on these processes and on 
the water renewal. Upwelling can bring the anoxic bottom water, high in CO2 derived from 
respiration, up to shallow depths (Feely et al., 2008, Melzner et al., 2013). In addition, high 
CO2 in deeper water layers can decrease the buffering capacity and thereby enhance the effect 
of CO2 from the atmosphere (Cai et al., 2011, Sunda and Cai, 2012). To a minor extent, 
downfall of acid sulphur and nitrogen compounds (HNO3 and H2SO4) adds to the acidification 
of surface waters, especially in coastal areas in the Northern hemisphere (Doney et al., 2007). 
In the open ocean surface, pH varies 0.1 unit inter-annually (Doney et al., 2009), whereas the 
variability in coastal pH can be 0.3-0.5 units; hence, some areas may already experience a 
change even larger than the predicted average decrease for the end of the century (Johnson et 
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al., 2013, Kelly and Hofmann, 2013, Melzner et al., 2013, Wallace et al., 2014). Consequently, 
some organisms already experience high CO2 in their natural environment, as shown for coral 
reef fish (Shaw et al., 2013). However, the response of the organisms is dependent on exposure 
time and magnitude of CO2. Organisms inhabiting these areas experience a more fluctuating 
environment and are adapted to larger variations than those of the open ocean. They may 
therefore be less sensitive to increased CO2 and lowered pH (Rossoll et al., 2012), and have 
more effective mechanisms to deal with stress. The natural variability in combination with the 
gradual increase of CO2 will alter the exposure times to high CO2 through increased frequency 
and amplitude of variation, as well as prolonged duration of extreme events (Waldbusser and 
Salisbury, 2014).  
In addition to the natural temporal variations, all environmental variables in the sea vary with 
depth. Some organisms undertake diel vertical migrations (DVM, Hays, 2003). For Arctic 
copepods, vertical migration behaviour has been correlated with sensitivity to OA, so that 
species or life stages migrating deep, i.e., experiencing larger amplitude in pH, were more 
tolerant to lowered pH (Lewis et al., 2013). Copepods in the Baltic Sea perform diel vertical 
migration, residing at greater depths during daytime and close to the surface during night 
(Ackefors, 1969, Burris, 1980, Holliland et al., 2012). This behaviour adds to the range of 
change in physicochemical environment that the organisms experience. 
 
1.3  The vulnerable Baltic Sea  
The Baltic Sea is especially sensitive to ocean acidification due to the low buffering capacity 
of brackish water (Hjalmarsson et al., 2008, Schulz and Riebesell, 2013). The projected change 
in pH for the Baltic Sea is 0.2-0.4 units by the end of the century (BACC II Author Team, 
2015). The pH change is, however, quite difficult to predict for the Baltic Sea. There are 
regional differences in alkalinity that modulate the CO2 uptake and pH (Gustafsson et al., 
2014). The buffering capacity, or the Revelle factor, is affected by the ratio of dissolved 
inorganic carbon (DIC) to total alkalinity (AT). AT is dependent on both external (riverine) and 
internal (sediment) sources and is related to salinity (Gustafsson et al., 2014, 2015).  
The Baltic Sea has a long history of eutrophication (Ahtiainen et al., 2014). High nutrient levels 
cause high primary production in spring, with high remineralisation and CO2 production in 
winter, which amplifies the seasonal pH cycle (Omstedt et al., 2010). In the Baltic Sea, AT is 
basically unaffected by formation, precipitation or dissolution of calcium carbonate minerals 
(Gustafsson et al., 2014). However, there is a difference between the basins. The lowest AT is 
found in the Bothnian Bay and Bothnian Sea, whereas the highest is found in the south–eastern 
Baltic (Baltic proper and Gulf of Riga), and the Gulf of Finland (GoF) has a somewhat 
intermediate AT (Beldowski et al., 2010, Gustafsson et al., 2014). Despite this, the low 
productive Gulf of Bothnia is considered a source of CO2 to the atmosphere due to high river 
input of carbon, whereas the Baltic proper, the Gulf of Riga, and the Gulf of Finland are sinks 
because of their high productivity (Kulinski et al., 2014).  
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Increased nutrient loads can increase, to some extent, the AT through increased particulate 
organic matter (POC) and processes in anoxic areas (Gustafsson et al., 2015). Recently Müller 
and co-authors (2016) calculated that up to 50% of the atmospheric induced acidification has 
been compensated for by increased alkalinity in the Baltic proper, whereas in the Bothnian 
Sea, the alkalinity has totally compensated (atmospheric) OA during the last two decades. 
Despite this, increased alkalinity will not inhibit OA in the Baltic Sea (Omstedt et al., 2014).  
Calculations of the carbon budget show contrasting results of the direction of net CO2 flow and 
that the direction can vary inter-annually (Hoikkala et al., 2015). In addition to the inter-annual 
variability, there is a large seasonal variability in the carbon dioxide system and the Baltic Sea 
can therefore act both as sink and source of CO2 (Wesslander et al., 2010, Omstedt et al., 2010, 
2014). During summer, pCO2 is low in the surface waters due to uptake by primary producers. 
During autumn mixing, CO2-rich water is brought up to the surface and CO2 is released to the 
atmosphere between November and March. The wintertime pCO2 in surface water can reach 
~500 µatm (Wesslander et al., 2010, Omstedt, 2014) and be much higher in anoxic deep water 
(Beldowski et al., 2010, Melzner et al., 2013). In winter, sea ice coverage dampens the air-sea 
flux and mixing of the water mass (Soomere et al., 2009). In addition to the seasonal changes, 
there are daily natural fluctuations due to ecosystem metabolism. During the day, pH rises high 
in the euphotic zone due to phytoplankton photosynthesis, and at night respiration uses oxygen, 
and CO2 is released. Although many internal and external processes affect the Baltic Sea 
carbon budget and pH, modelling indicates that the direction and magnitude of future pH 
changes in the Baltic Sea will be controlled by atmospheric CO2 (Omstedt et al., 2014). 
In response to warming, organisms, and especially fish, can move northwards, but that does 
not help them avoid acidification, in fact, the decline in pH is more rapid in cold water and 
higher latitudes (Pelejero et al., 2010). Climate change and eutrophication have already caused 
changes in the hydrography and plankton communities in the Baltic Sea. This causes shifts in 
the food web to phytoplankton of low food quality and smaller zooplankton leading to 
decreased energy availability for predators (Suikkanen et al., 2013). Since copepods are the 
most important food for herring, sprat and fish larvae, changes in zooplankton abundance or 
behaviour can affect the abundance and behaviour of fish. In the GoF, herring growth was 
likely reduced due to dominance change from Pseudocalanus acuspes to E. affinis in the 1980s 
(Rönkkönen et al., 2004). In the late 1990s, a climate-induced regime shift took place in the 
North Sea and Baltic Sea due to a change in the North Atlantic Oscillation Index (NAO) from 
negative to positive (Alheit et al., 2005). Dominance changed from the copepod Pseudocalanus 
acuspes to Acartia spp. in surface waters, probably due to increased water temperature, shown 
to have changed the vertical migration pattern of sprat (Sprattus sprattus) (Voss et al., 2007). 
This shows that even if the change in copepod abundance, behaviour or species composition 
due to environmental change would be very subtle, the cascading effect throughout the food 
web can be strong.  
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2  Stress and adaptation   
Marine organisms are exposed to a variety of potentially stressful environments due to changes 
in temperature, acidification, harmful algal blooms, pollution, eutrophication and hypoxia, to 
mention a few (Lesser, 2006, Dam, 2013). In a stressful environment, physiological 
compensatory mechanisms can produce reactive oxygen species (ROS) in the body (Monaghan 
et al., 2009). ROS are involved in normal cellular signalling, but if more ROS are formed than 
can be combated by the antioxidants, oxidative stress and potential damage to biological 
molecules such as proteins, lipids and DNA can occur (Lesser, 2006, Monaghan et al., 2009, 
Gorokhova et al., 2013). Oxidative stress in terms of increased damage or reduced levels of 
antioxidants can affect investment in different life-history traits, such as growth (Smith et al., 
2016). The organism's ability to quench/combat these ROS is measured in the form of oxidative 
radical absorbance capacity (ORAC). ORAC has been shown to react more strongly to 
decreased pH in combination with increased temperature, than to pH alone (Vehmaa et al., 
2013, Brutemark et al., 2015). Antioxidant capacity is not necessarily dependent on dietary 
antioxidants, but nutritional conditions influence the level of oxidative stress (Monaghan et al., 
2009).  
Considering the rate of the current change in ocean pH, organisms need to be able to adapt 
rapidly. Organisms can respond phenotypically or evolutionary (shifting genetic composition 
of a population) to the changing environment. Animals can change their distribution (Doney 
et al., 2009), behaviour, or their phenology (Richardson, 2008) and allocate energy towards 
important life functions (Fitzer et al., 2012). In maintaining the acid base balance, organisms 
may reallocate energy from growth or reproduction, if not excess resources (phytoplankton 
food for zooplankton) are available (Reusch, 2014).  
In general, marine species, populations, and especially plankton should have large genetic 
diversity due to large population sizes, which could enhance their adaptive potential. On the 
other hand, many species live close to their temperature tolerance limits already now (Reusch, 
2014), which may enhance their vulnerability. Transgenerational plasticity means that the 
parent(s), (i.e. the mother or father or both), can affect the traits of the offspring or enhance the 
tolerance of the offspring. These effects can alleviate the negative effect of stressors, such as 
OA (Vehmaa et al., 2012, Dupont et al., 2013, Cripps et al., 2014, Thor and Dupont, 2015). 
Phenotypic buffering, i.e. the ability to maintain different life functions in a changed 
environment (Reusch, 2014), can then give organisms more time for genetic adaptation (Kelly 
and Hofmann, 2013). 
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3  Aims of the thesis 
The aim of my thesis is to increase the understanding of ocean acidification and changes in 
terms of hydrography, and of the ecology of zooplankton living in the sea. I use long-term 
monitoring data to broaden the knowledge of the characteristics and changes of the 
hydrography and pH in the Gulf of Finland, as there are, to the best of my knowledge, only a 
few studies describing changes for this area, as opposed to the western Baltic Sea and the Baltic 
proper. I also aim to describe the variability and the vertical profiles of food availability for 
copepods, hydrography and pH in a coastal pelagic area, as this issue has largely been 
overlooked previously. Moreover, I also studied direct and indirect effects of OA on copepod 
zooplankton. More specifically the aims of the four papers are: 
I)  to analyse the changes in wintertime salinity, temperature and pH in the Gulf of Finland 
during the past 36 years,  
II)  to study the chemical and physical characteristics of the copepods’ habitat in a coastal area 
and to describe the environment they experience on a daily basis during their vertical migration 
during summer, 
III)  to study the offspring production of Eurytemora affinis in response to ocean acidification, 
food quantity, food quality as well as fatty acid content of females and eggs, 
IV)  to study the direct and indirect effects of ocean acidification (i.e., via food quantity and 
food quality) on the copepod Acartia sp. egg production (EPR), egg hatching success (EH) and 
female body size (measured as prosome length, PL). 
 
4  Methods 
4.1  Study organisms 
In the studies presented in this thesis, I have worked with two species of calanoid copepods. 
The most common copepods in the study area (Viitasalo, 1992) in the Baltic Sea, Acartia spp. 
and Eurytemora affinis (Fig. 2) were used in the experiments. Acartia spp. includes mainly 
Acartia bifilosa, but also Acartia tonsa that occasionally occurs in the study area during late 
summer (Katajisto et al., 1998). Acartia spp. is a free spawner and broadcasts the eggs into the 
seawater, whereas Eurytemora affinis is an egg-bearing copepod, holding the eggs in a clutch 
until nauplii hatch. Both species have a life cycle of six nauplius stages and five copepodite 
(young) stages and do not grow after reaching maturity (Mauchline, 1998).  
E. affinis (Poppe, 1880), previously called E. affinis hirundoides or E. hirundoides, is abundant 
throughout the Baltic Sea and in the Bothnian Bay (Kankaala, 1987). E. affinis has a global 
distribution and is found in both marine, brackish and freshwater. It is euryhaline, i.e., tolerant 
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to a wide range of salinities (0.2-12‰) (Lee, 1999). In the Baltic Sea, the species prefers 
salinities below 6.5 and temperatures below 15°C (Diekmann et al., 2012). It produces 
subitaneous eggs in summer and diapause eggs in the autumn (Katajisto et al., 1998).  
Acartia bifilosa occurs in both open sea and coastal areas (Hernroth and Ackefors, 1979). Both 
species can recruit from overwintering populations and by hatching from the sediment 
(Katajisto et al., 1998). The copepods constitute the main part of the diet for juvenile cod 
(Hinrichsen et al., 2002) and perch, cyprinids and herring in the study area (Flinkman et al., 
1998). In the Gulf of Finland especially E. affinis is an important prey for clupeids, the three-
spined stickleback (Peltonen et al., 2004) and mysid shrimp (Viherluoto, 2001). 
Fig. 2. a) The calanoid copepod Acartia bifilosa (Photo: Anu Vehmaa) and b) Eurytemora affinis 
with eggs (Photo: Olivier Glippa). 
 
4.2  Methods applied in the individual studies  
In paper I, long-term winter monitoring data from four stations in the Gulf of Finland were 
used (Fig. 3). The Finnish Environment Institute provided the data. I used the longest winter 
data sets available for pH, sea temperature and salinity from monitoring cruises by R/V Aranda 
for the stations LL3A, LL7 and LL12, and coastal monitoring data from the station 
Suomenlahti Haapasaari Kyvy-11 (hereafter referred to as Kyvy-11). To reduce the seasonal 
variability, winter months December-February were used. The data were analysed with linear 
mixed effects models (LMM) using four different depths (Surface; 5-10 m, Deep layers; 40-
50 m, 50-60 m, and 60-70 m depending on station). 
The studies (paper II - IV) were conducted at Storfjärden, close to Tvärminne Zoological 
Station (University of Helsinki) on the south–western coast of Finland, Baltic Sea (59º51'20"N, 
23º15'42"E) (Fig. 3). In paper II, copepods were sampled in June, July and August with a 
closing net from depth intervals, between surface and bottom, every sixth hours, starting at 
noon. Adult copepods of the species Acartia spp. and E. affinis, as well as copepodites were 
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counted using a Bogorov-trough and weighted mean depth (WMD) was calculated for the 
different copepod groups. Light was measured from the same depths with a LI-COR LI-1000 
light meter. Water samples were taken at the same time, from the same location, from surface 
to 30 m depth with 2.5 m depth intervals for measurement of pH and Chl a. Oxygen was 
measured with an YSI meter and temperature and salinity measured with an FSI NXIC CTD-
ADC probe from the surface to the bottom.  
The studies for paper III and IV were conducted during a large mesocosm set-up arranged by 
GEOMAR, Helmholtz Centre for Ocean Research, (Riebesell et al., 2013) within the 
framework of the SOPRAN project (Paul et al., 2015). Ocean acidification was simulated in 
55 m3, 17 m deep bags (Fig. 4) deployed at Storfjärden, and by treating the mesocosms with a 
range of CO2, by adding CO2 enriched seawater. Weekly lab based incubations were conducted 
with seawater and copepods sampled from the mesocosms.  
 
Fig. 3. Sampling stations in the Gulf of Finland. Data from LL stations and Kyvy-11 were used in 
paper I and field sampling for paper II-IV was done at Storfjärden. 
 
The two units pCO2 and fCO2 are both used in this thesis and in references as analogues. The 
fugacity fCO2 is the partial pressure corrected for non-ideal behaviour of the gas. The 
difference between the two is dependent on temperature, but only 3-4 ‰ (Zeebe and Wolf-
Gladrow, 2001).  
In paper III, copepod offspring (nauplii) production and fatty acid content of females and eggs 
of the copepod E. affinis were studied in response to pH, Chl a concentration, dinoflagellate 
and diatom biomass, C:N (<55 µm) and incubation temperature. In addition, ORAC was 
measured. We sampled copepods and water from the mesocosms on four different occasions 
(t3, t10, t17, t24, t0 being the day with first addition of CO2). Zooplankton was sampled with 
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a plankton net (300 µm, 17 cm) from 17 m depth to the surface and transferred to containers 
with water from the respective mesocosm. Unfiltered water samples were taken with depth 
integrated water samplers into air-tight 1.2 L glass bottles. Zooplankton and water were 
transferred to a light and temperature controlled room at Tvärminne Zoological Station. Female 
E. affinis were picked and incubated in the pre-filled bottles. The incubation lasted four days 
and the water was exchanged once daily and nauplii filtered out and preserved in acid Lugol’s 
solution. At the end of the four-day incubation, females were frozen in -80°C for fatty acid 
measurements. At the beginning of each weekly incubation, gravid female E. affinis were 
picked from the mesocosms for analyses of ORAC. Samples for phytoplankton counting, Chl 
a and Carbon (C) and Nitrogen (N) concentrations were collected and analysed by other 
researchers (Paul et al., 2015), whose data were later shared. For details on the methods for C 
and N, see paper IV, section 2.4.  
In paper IV, I studied Acartia sp. egg production (EPR), egg hatching success (EH), female 
body size (measured as prosome length, PL), as well as ORAC in response to fCO2 and food 
quantity as total particulate carbon (TPC) and quality (C:N). Sampling of water and 
mesozooplankton followed the same procedure as explained for paper III. Twenty adult 
Acartia sp. (17 females and 3 males) were incubated in pre-filled glass bottles with respective 
mesocosm water (24.3 ± 2.3 h, average ± SD). Copepods and eggs were gently filtered out by 
pouring the water through a plankton sieve. The copepods were counted and preserved in 
RNAlater (Sigma). Prosome length of the preserved female copepods was measured.  
An egg transplant experiment was performed to study if transgenerational effects can alleviate 
possible negative effects of OA. From each treatment, the collected eggs were divided into two 
50 mL petri dishes; one dish filled with respective mesocosm water, and the other filled with 
Baltic water. Twice a day egg hatching was followed by counting the number of remaining 
eggs on the dish through the lid. Acartia sp. nauplius stages were determined, the number of 
nauplii and remaining copepod eggs counted and the development index (DI) calculated 
(Knuckey et al., 2005). On t3, t10, t17 and t31, adult female Acartia. sp were picked for ORAC 
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4.3  Statistical analyses 
A short summary of the statistical methods used is given for the different studies. In paper I, 
linear mixed effects models (LMM) were applied to test if pH, salinity and sea temperature 
have changed with time for station and depths as well as to look at differences between stations. 
In paper II, a weighted mean depth2 (WMD) was calculated. For each time point, WMD was 
calculated for the different groups of copepods (E. affinis males, E. affinis females, E. affinis 
ovigerous females, Acartia spp. males, Acartia spp. females and copepodites). The difference 
between the daytime (12:00) WMD and nighttime (24:00) WMD was tested with an LMM to 
verify if copepods perform diel vertical migration. Differences between months were tested 
with Kruskal-Wallis rank sum test.  
In paper III3, an LMM with nested design was applied. Day nested within week, nested within 
mesocosm was used as random intercept as nauplii production of the same groups of 
individuals was measured four times per week and weekly incubation were dependent on each 
other (sampled from the same mesocosms each week). LMM was also applied to test if pH has 
a direct effect on the fatty acid content of adult female copepods and on their ORAC 
concentration.  
In paper IV, the effect of acidification, food quantity and food quality on Acartia sp. egg 
production (EPR), prosome length (PL), antioxidant capacity (ORAC) and nauplii 
development index (DI) were tested with LMM. Due to the binomial nature of the data, a 
generalized linear mixed model (GLMM) was applied to test the effect of fCO2, TPC (<55 µm) 
and C:N (<55 µm) on egg hatching success (EH).  
For the egg transplant experiment, the ratio of Mesocosm EH (or DI) / Baltic EH (or DI) was 
calculated to separate the effect of hatching environment from maternal environment. A ratio 
>1 indicates that eggs hatch or develop better in maternal conditions (Mesocosm water), 
whereas a ratio <1 indicates that eggs hatch or develop better in Baltic Sea water. The effect 
of maternal environment (fCO2, TPC (<55 µm) and C:N (<55 µm)) on the ratio was tested with 
LMM, where the ratio of Mesocosm EH / Baltic EH and Mesocosm DI / Baltic DI were used 
as response variables; fCO2, TPC (<55 µm) and C:N (<55 µm) as fixed explanatory variables; 
and repeated measure of the mesocosms over time as a random factor. Spearman rank 
correlation tests were used to test if maternal ORAC correlates with egg hatching success. All 
the statistical analyses were performed using software R 2.15 or R 23.0.2 (R Core Team, 2013), 
and the significance level was 0.05. 
 
                                                         
2 Correction: In paper II formula on p. 123, section 2.3, should be: WMD = Σ(nidi) / Σni 
3 In paper III, in Fig. 2c, should be: Dinoflagellates µg C L-1 
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5  Results and discussion 
5.1  Changes in wintertime pH, salinity and sea temperature  
As part of this thesis, I analysed wintertime monitoring data from the last 36 years in the Gulf 
of Finland (GoF) (paper I). I found long-term changes in the hydrography and pH 
(summarized in Table 1). During 1979-2015, pH decreased significantly both in the surface 
(0.14) and the deep layers (0.3) in the western GoF. The decrease in pH was twice as large for 
the deep layers as for the surface. This finding is in line with the increased difference between 
summer and winter pH since 1990 in the GoF, reported by the Finnish Environment Institute 
(SYKE, 2016). It is most likely due to increased stratification and stagnation of the deep water 
in the GoF during the last two decades and high remineralisation of organic material in the 
deep water during winter (Omstedt et al., 2014, SYKE, 2016). Whole year data from SYKE 
(2016) show an obvious reduction in pH at 70 m depth 1990-2010 at station LL7. The report 
does unfortunately not state whether the authors base their conclusions on statistical analyses 
and if so, how analyses were applied, but it is indicated that the decrease in pH is not only 
observed during winter months.  
In many coastal areas, OA derived from anthropogenic CO2 is not the main cause of detected 
pH changes. Enhanced primary production and respiration are instead more important in 
driving the changes (Havenhand, 2012, Duarte et al., 2013). This is probably true for the GoF, 
too. Despite decreasing nutrient conditions, summer cyanobacteria blooms have not decreased 
in the GoF, instead they have increased (Suikkanen et al., 2007, 2013). It seems that pH in the 
GoF is regulated by internal processes regulating oxygen and pCO2 levels, rather than by 
atmospheric CO2. In the Danish straits and the southern North Sea, pH peaked around mid-
1980s, but then declined rapidly by 0.3 and 0.4 units, respectively, which could not be due to 
OA alone (Duarte et al., 2013). According to Carstensen and co-authors (2011), nutrient levels 
decreased drastically from late 1980s onwards, but primary production remained high in these 
areas.  
 
Table 1. Wintertime changes in the Gulf of Finland since 1979 for the four sampling stations (west 
to east). A statistically significant decrease is indicated by a downward arrow and an increase by an 
upward arrow, no significant change is indicated by a hyphen (paper I). 
 
   LL12 LL7 LL3A Kyvy-11   
pH  ↓ ↓ - - surface 
   ↓ ↓ - - deep 
Temp.  - ↑ - - surface 
   - ↑ ↑ - deep 
Salinity  ↓ ↓ - ↓ surface 
   - - - ↓ deep 
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A change in pH was not seen for the easternmost part of GoF (Kyvy-11); however, pH was 
lowest in this area. This can partly be explained by a large freshwater input by the Neva River 
and dissolved organic matter (DOM) in the river water affecting pH and pCO2 (Kulinski et al., 
2014, Ylöstalo et al., 2016). DOM dissolves into inorganic carbon, which reacts with CO2 and 
lowers pH. According to a review by Hoikkala and co-authors (2015), dissolved organic carbon 
concentrations are 50-60% higher in the Neva bay than in the western GoF, most likely due to 
discharge from the Neva River. They reported a clear increase in total organic carbon (TOC) 
between 1975 and 2011 in the coastal area of the Bothnian Bay, the Quark and the eastern GoF, 
as opposed to the open sea area, probably due to elevated TOC import from rivers (Hoikkala 
et al., 2015). Production and mineralisation of TOC affect the seasonal changes in surface CO2 
and pH (Gustafsson et al., 2015). Recently, Gustafsson et al. (2015) showed that the CO2 flux 
in coastal waters of the Baltic Sea is highly dependent on river loads of carbon, AT, nutrients 
and freshwater input. In addition to high nutrient loads leading to high production and 
consequently oxygen consumption, it leads to increased internal alkalinity. The internal 
alkalinity (through processes in anoxic sediments) enhances the ability of the water to bind 
CO2. Despite this fact, the exact impact of the river on the Baltic Sea carbon cycle remains 
unclear (Ylöstalo et al., 2016). The internal alkalinity has a strong effect on air water CO2 flux, 
but the processes behind the internal production are still unclear (Gustafsson et al., 2015). How 
large part of the acidification that has been compensated for by increased alkalinity in the GoF 
during the past two decades, has not been verified due to scarcity in data (Müller et al., 2016). 
The air temperature has increased in the Baltic Sea area since the 1980s (Lehmann et al., 2011) 
and consequently also the sea temperature in the middle of the GoF (shown here in paper I). 
However, no changes in sea temperature were found for the easternmost and westernmost 
stations, probably due to high inter annual variability making it difficult to detect the changes. 
During 1979-2015, a positive North Atlantic Oscillation Index (NAO) was dominating. A 
positive NAO leads to stronger and more persistent westerly winds, which influences the 
circulation in the Baltic Sea and leads to warmer and rainier winters with warmer seawater and 
less sea ice (BACC II Author Team 2015). In GoF, the ice coverage (Lehmann et al., 2011), 
thickness and length of the ice season have decreased during the last century (Merkouriadi and 
Leppäranta, 2014).  
Baltic Sea sediment core samples dating 1000 years back have shown a high correlation 
between warming and the spreading of anoxic areas. The total organic carbon was higher in 
warmer years, which indicates the importance of temperature in regulating for example 
cyanobacteria blooms through increased sea surface temperature in summer (Kabel et al., 
2012). Despite actions taken to reduce nutrient loads into the Baltic Sea, they may not have 
been enough to avoid the spreading of dead bottoms. Feedback mechanisms, through release 
of phosphate from hypoxic sediments, allow for sustained cyanobacteria blooms (Funkey et 
al., 2014) leading to remained high CO2 production in the deep water of the Baltic Sea.  
At the easternmost station, close to the Neva River, I found a decline in salinity both in the 
surface and in the deep layers. The prevailing atmospheric forcing and runoff can cause 
fluctuations in temperature and salinity on shorter time scales as salinity is affected by river 
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discharge, currents and water exchange with the Baltic proper. The Neva River is very 
important for regulating the salinity, as it stands for almost 70% of the freshwater input into 
the GoF (Launiainen and Koljonen, 1982). Although the data for the easternmost station have 
two larger gaps, the decreased salinity is in accordance with the increased freshwater input 
during the last decade. The question remains whether salinity fluctuates on time scales longer 
than 40 years, in this area. For example, in Tvärminne, the annual average salinity at 10 m 
depth has been fluctuating greatly during the 1900’s; it was below 5.5 in the 1920’s, increased 
thereafter, reaching 6.8, and was high in the 1970’s, and then declined to below 6 during a long 
stagnant period without salt water intrusions (Westerbom, 2006). 
 
5.2 The physicochemical environment  
In paper II, I studied the natural variability and change with depth of several physicochemical 
variables as well as the vertical migration behaviour of two common copepods at Tvärminne, 
Storfjärden during summer. The physicochemical variables changed both with time of the day 
and with depth. The largest diurnal variation was observed in August with 0.1 unit change in 
pH at 2.5 and at 30 m. A sharp change (0.5 unit) with depth was observed between 17.5 and 
20 m. There was a ~10°C difference in temperature and 0.8-1.0 difference in salinity between 
surface and bottom. I found that both species, E. affinis and Acartia sp., performed vertical 
migration (average amplitude 5-22.5 m), with a more pronounced migration for adults than for 
copepodites. The copepods faced highly variable conditions of up to 0.5-unit change in pH and 
5°C change in temperature. My results showed that E. affinis females carrying eggs migrated 
deeper than non-ovigerous females did, probably because of the prominent egg clutch that 
makes them more susceptible to predators. However, this behaviour also exposes them to lower 
oxygen saturation levels, lower pH, higher salinity and colder water. The changes in pH and 
temperature with time (and/or depth) are larger than the average projected change for the end 
of the century (BACC Author Team II, 2015) and the changes in this sampling area can be 
even larger than reported for this study, as upwelling of cold and more saline water takes place 
(Tvärminne monitoring data, unpublished data).  
As shown by Lewis et al. (2013), copepods experiencing great change in their environment 
during migration are more tolerant towards lowered pH. The natural variability and changes 
that copepods experience in their habitat may partly explain their robustness towards OA, 
shown in short-term experiments (Vehmaa et al., 2012, 2013). However, the exposure times to 
low pH are relatively short now, but as pH decreases also at more shallow depths, copepods 
are exposed to possible unfavourable conditions for longer times. In addition, the amplitude of 
these variables will increase, especially during summer months (Schulz and Riebesell, 2013).  
The results of this study show how highly variable local conditions can be in terms of pH, 
salinity, oxygen, temperature and food availability. As the local environmental conditions and 
consequent local adaptation of species to these conditions may be of great importance, I 
suggest that local background conditions should be considered in experimental design and 
interpretation of results. In addition, this study shows the importance of ensuring the sampling 
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depth to be deep enough during the day in summer not to risk excluding a large part of the 
zooplankton community. 
 
5.3  Mesocosms 
Mesocosms (Fig. 4) provide a great opportunity to study natural plankton communities, where 
two or more trophic levels can be included. Many scientists from a variety of disciplines can 
collaborate, frequent sampling and measurements can be performed, and data can be shared. 
Due to the large size of the mesocosms, replication is difficult. However, this can be overcome 
by repeated sampling considered in the statistical analyses. 
 
Fig. 4. Sampling a mesocosm unit (left) and a 
schematic drawing of the mesocosm (right) 
(Source: GEOMAR, Paul et al., 2016). 
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In the current mesocosm study, fCO2 was let to fluctuate naturally (except an addition of CO2 
on day 15), which causes the fCO2 to decrease towards the end and treatments to have less 
difference between them. Due to this and to the fact that all processes in the mesocosms are 
affected by the natural temperature, the different time points are not directly comparable to 
each other. There may also be a difference in, for example, zooplankton abundance from start. 
This can cause a significant deviation in the community composition at the end of the 
experiment.  
During the mesocosm studies presented here, zooplankton were frequently sampled and 
counted and no significant differences in the main mesozooplankton species were detected 
(Lischka et al., 2015). Other weaknesses of the mesocosms are wall effects (growth of 
periphyton) and unnatural mixing and turbulence causing deviation from the natural conditions 
outside the mesocosms (Riebesell et al., 2010). Discrete sampling may not be optimal, if the 
water column inside the mesocosms is not well mixed. However, an integrated water sampler 
that takes equal amounts of water at different depths from bottom to surface was used to sample 
the mesocosms. Considering sampling of mesozooplankton, there is a risk of bias in abundance 
if the net tows are done during different times of the day, as a result of the light conditions and 
the consequent vertical migration (Riebesell et al., 2010). 
 
5.4  Copepod offspring production, fatty acids, antioxidant capacity 
and body length  
During a mesocosm study at Tvärminne Storfjärden, lab based incubations were performed to 
study how the two calanoid copepods, E. affinis (paper III) and Acartia sp. (paper IV), 
respond to ocean acidification and to changes in food quantity and food quality. For E. affinis, 
there was no statistically significant difference in nauplii production between CO2 treatments, 
whereas Chl a, dinoflagellate biomass, and incubation temperature stimulated nauplii 
production. The nauplii production was unaffected by C:N (<55 µm) ratio, whereas negatively 
affected by diatom biomass. PUFA content of the females correlated with PUFA in their eggs 
and stimulated nauplii production. Egg lipid composition is shown to affect hatching success; 
in Calanus finmarchicus hatching can increase with PUFA content in females (Koski et al., 
2012). However, PUFA was not affected by pH in my results. The results indicate that food 
availability was a more important factor for E. affinis than the effects of high fCO2/lowered 
pH. This is also supported by analyses of seston and copepod fatty acid content during the 
same mesocosm campaign, showing that PUFA of copepods declined towards the end, 
following a decrease of PUFA in the seston (Bermúdez et al., 2016). PUFA of seston decreased 
due to changed community composition and nutrient limitation in terms of silica and 
phosphorous. The positive effect of dinoflagellate biomass was probably due to their high 
nutritional value in terms of PUFA. The change in phytoplankton community composition was 
not due to fCO2, except for the less abundant Chlorophyta (Paul et al., 2015, Bermúdez et al., 
2016). 
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When studying stress responses in animals one should preferably measure several of the four 
components mentioned; free radical production, antioxidant defence, oxidative damage and 
repair mechanisms (Monaghan et al., 2009). In my work, I only have the measure of antioxidant 
capacity (ORAC) which makes it more difficult to draw definite conclusions on possible stress 
effects. However, it gives an indication of changes in the animals’ environment. Female ORAC 
was unaffected by pH and did not affect the nauplii production, which indicates that E. affinis 
did probably not face acute pH stress.  
For Acartia sp., on the other hand (paper IV), neither food quantity (TPC <55 µm), food 
quality (C:N <55 µm), nor ocean acidification (fCO2) had a statistically significant effect on 
egg production. I have summarized the responses of the two species to OA in Figure 5. In 
contrast to what I expected, higher food quantity (TPC <55 µm) correlated negatively with egg 
hatching success, adult female size and ORAC, whereas C:N ratio did not correlate with any 
of the measured variables. This could, at least partly, be explained by a sharp decline in Chl a 
concentrations and in the phytoplankton community size structure after Day 17 (Paul et al., 
2015). Picophytoplankton (<2 µm), which dominated in the mesocosms towards the end of the 
experiment, may have been too small to be consumed by Acartia sp. (Rollwagen Bollens and 
Penry, 2003). Even if the copepods seem able to ingest some picophytoplankton despite their 
small size (Motwani and Gorokhova, 2013), I suggest that decreasing PUFA in the seston in 
combination with decreasing cell size could partly explain this result, as the copepods would 
have needed to feed large quantities of picocyanobacteria to satisfy their need of PUFA.  
In high CO2, the somatic growth can be reduced due to higher energy requirement to maintain 
homeostasis, i.e., reduced scope for growth (Pedersen et al., 2014a). Acartia sp. body size 
(prosome length) was affected by fCO2, but seemed driven by the highest fCO2 concentration. 
The effect on body size is species specific and dependent on other factors than simply OA 
(Hildebrandt, 2014, Garzke et al., 2016). For example, there was no effect on body size in 
Pseudocalanus acuspes after a 3-month-long incubation in high fCO2 during a similar 
mesocosm campaign (as in papers III and IV) in Gullmarsfjord, Sweden (Almén et al., 
unpublished data).  
Acartia sp. egg hatching (paper IV) remained >90% in both controls and varied less than in 
the CO2-treated mesocosms. However, no statistically significant effect of fCO2 on hatching 
was found, whereas TPC affected hatching negatively. The egg transplant experiment revealed 
no effect of the maternal food quantity (TPC) nor the food quality (C:N) on the ratio of egg 
hatching and development between Baltic and fCO2 treatment conditions. The fCO2 in the 
maternal environment influenced the ratio of EH and DI between mesocosms and Baltic 
conditions. Egg hatching was higher in the Baltic water than in the maternal environment, 
when the mothers were reared in high fCO2. When the maternal environment was low in fCO2, 
eggs hatched better in that same environment. This indicates a possible threshold above which 
transgenerational effects may not be able to alleviate the negative effects of fCO2.  
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The maternal effects were weaker towards the latter end of the experiment, which could be due 
to 1) an overall low egg production after t17 causing difficulties to detect differences, 2) 
weakening of the mothers or general senescence 3) an upwelling event evening out differences 
between the fCO2 mesocosms and the Baltic conditions, 4) long-term stress and food limitation.  
Only TPC (<55 µm) had a significant, negative effect on ORAC. ORAC and egg hatching 
success correlated positively (Fig 3. in paper IV) and was stronger for eggs developing in the 
mesocosm water than for eggs developing in the Baltic water. This indicates a possible 
allocation of ORAC to the eggs to protect the embryo from oxidative stress. Moreover, the 
ORAC levels seemed to be upregulated in the beginning of the study. The change in pH right 
after the first additions of CO2 to the mesocosms could probably trigger the antioxidant defence 
(paper IV). The low ORAC at t31 indicates either an adaptation to the high fCO2 concentration 
or exhaustion of the antioxidant resources (Fig 1. in paper IV). 
In general, indirect effects through food quantity and food quality seem to be more important 
than the direct effects of fCO2 (paper III and IV). Meunier et al. (2016) found no direct effect 
of fCO2 on A. tonsa development and respiration, but both microzooplankton and A. tonsa were 
negatively affected by higher C: nutrient ratio of algae and had higher respiration in high pCO2. 
Changed food quality in terms of fatty acids of phytoplankton monocultures has been reported 
(Rossoll et al., 2012, Torstensson et al., 2013). Consequently, the quality of phytoplankton 
affected development of A. tonsa (when using only one species of algae (Rossoll et al., 2012), 
whereas dinoflagellate Heterocapsa sp. did not show changes in stoichiometry, when grown 
in high pCO2, and no effect on copepods was detected (Isari et al., 2016). In addition to species-
specific differences of algae in sensitivity as well as ability to compensate for different 
nutrients for higher trophic levels, protozoan herbivores may dampen the negative effects by 
trophic upgrading (Meunier et al., 2016). In addition to phytoplankton, microzooplankton 
constitute an important part of the diet for copepods.  
In the current studies, it is unclear which species of algae or microzooplankton the copepods 
preyed upon. Indirect effects of fCO2 on copepods via phytoplankton in the mesocosms remain 
unclear, because the positive correlation between fCO2 and Chl a (mainly picocyanobacteria) 
was only discernible in the mesocosms after finishing the experiments (t25 for E. affinis). In 
this thesis, I did not study the development of E. affinis due to logistic restrictions during the 
mesocosms campaign. The abundance of E. affinis inside the mesocosm enclosures did, 
however, not differ significantly due to fCO2 (Lischka et al., 2015).  
Although the studies of E. affinis and Acartia sp. are not completely comparable in terms of 
the measured variables, the data suggest that E. affinis is the more robust species of these two. 
E. affinis exists in many parts of the world and is known to invade both brackish and freshwater 
systems (Torke, 2001). The species seems to be tolerant towards a wide range of environmental 
conditions. The reproductive strategies of the two species differ, which probably could affect 
their sensitivity. Carrying the brood in a clutch until they hatch may protect the embryos and 
gives the female an opportunity to seek more favourable environmental conditions for the 
developing brood. 
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Fig. 5. The effects of high fCO2/lowered pH on different traits of Acartia sp. and E. affinis. A 
downward arrow indicates a decrease and a hyphen indicates no effect. Negative effects of OA on 
Acartia sp. egg hatching were likely, as the result was very close to statistical significance (p = 
0.052). There were negative effects on hatching observed in the transfer experiment at high fCO2 
levels. 
 
The behaviour between the two species does also differ. Although A. bifilosa is exposed to 
natural variability in pH environment due to daily fluctuations, and stays at greater depths 
during the day (low pH in deep water), it does not reside as deep down as E. affinis. The fact 
that both species were able to maintain offspring production and hatching in all mesocosms, 
but that development was slower for Acartia sp. in high fCO2, indicates the very important 
aspect of considering also other traits than simply the production of offspring. For example, 
Pedersen and co-authors (2014b) found the first feeding stage of nauplii to be more sensitive 
than later nauplius stages and slowed development has been reported for several other species 
(Weydmann et al., 2012, Pedersen et al., 2014a).  
Even though we ought to extrapolate study results, the strong salinity gradient throughout the 
Baltic Sea makes it more difficult to make projections conclusive for all basins based on studies 
made in only one part of the sea. Salinity affects for example the alkalinity of the seawater and 
the osmoregulatory capacity of the organisms; hence, the base abiotic conditions need to be 
considered. Different populations of organisms within the same species may show a difference 
in physiological responses and sensitivity to OA, as shown for two populations of isopods from 
the North Sea and the Baltic Sea (Wood et al., 2016) and for an Arctic and a boreal population 
of the copepod Pseudocalanus acuspes (Thor and Oliva, 2015). Food availability in 
combination with lowered pH increased metabolism by 195% in the Arctic copepod Calanus 
glacialis CII-CIII, whereas CV was unaffected, probably because of their life strategy of 
hibernation and metabolic suppression at that stage (Thor et al., 2016). Thus, strong stage 
specific differences exist. 
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Although coastal plankton systems may be more resilient to changes in pH and temperature, 
coastal pelagic areas are at the same time prone to other forms of stress due to eutrophication, 
pollution, run off and over exploitation (Kelly and Hofmann, 2013, Melzner et al., 2013). In 
general, copepods seem robust when tested for direct effects of lowered pH (Kurihara and 
Ishimatsu, 2008, Mayor et al., 2012, Weydmann et al., 2012, McConville et al., 2013, 
Hildebrandt, 2014, Pedersen et al., 2014b), but there are still risks of unseen indirect effects. 
The natural variability can enhance or mitigate the vulnerability (Kelly and Hofmann, 2013, 
Pelejero et al., 2010). If the copepods are already living close to their physiological limits, 
further change can decrease their fitness and survival.  
There are risks of indirect effects through primary producers on the grazers in terms of changed 
cell sizes, community composition and abundance, and fatty acid content. The observed long-
term changes in temperature, pH and salinity (paper I) may affect the timing of copepod 
hatching in early spring and the potential match or mismatch between the copepods and their 
phytoplankton food. Warming causes decreased body size of adult copepods and other large 
zooplankton, as well as increased respiration (Daufresne et al., 2009). Decreased body size due 
to warming and OA is alarming, as it affects the transfer of energy to higher trophic levels. The 
proportion of large zooplankton declines with salinity in the Baltic Sea (Vuorinen et al., 1998), 
and this means that changes in the community composition (due to temperature and/or salinity) 
towards smaller zooplankton (e.g., small cladocerans and rotifers instead of large copepods) 
could decrease the food availability for fish, but also influence the vertical flux of nutrients.  
The local environment and variability, especially in coastal areas, expose the copepods to many 
other stressors than simply OA. The background environment and its changes and variation, 
will certainly affect the organisms’ responses. Moreover, the abundance of one species affects 
the abundance of other species, which leads to changes in community composition, size 
fractions, and changes in trophic interactions. Species and genetic diversity, which in turn 
affect the functional diversity and redundancy, can be impaired. If key species or groups, such 
as the Baltic copepods, herring, sprat or cod (Havenhand, 2012), are negatively affected, the 
whole ecosystem may have difficulties maintaining its functions and productivity, and may 
even collapse. The sea temperature has increased (paper I) and is projected to increase during 
the coming centuries for the Baltic Sea, facilitating cyanobacteria blooms and hypoxia (Kabel 
et al., 2012). OA, warming, hypoxia and toxic cyanobacterial blooms pose a combined threat 
to copepods. 
 
5.5  Future research directions 
Despite a long record of monitoring the Baltic Sea, there are only a few published papers on 
the long-term changes based on the data from the eastern Baltic Sea. Although there has been 
sampling going on for many decades, the continuity and accuracy have not met scientific 
standards at all times. The accuracy for standard pH measuring methods is 0.02-0.1, which is 
not good enough for high-standard monitoring purposes. This is the reason why high-quality 
pH monitoring data is lacking from the Baltic Sea. In addition, there are some gaps in the data, 
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which makes statistical analyses difficult. OA is, for example, currently not included in the 
monitoring programs of HELCOM (Helsinki Commission) and there is only a brief mention 
of OA in the report “Climate change in the Baltic Sea area” (HELCOM, 2013). The awareness 
of OA would greatly increase, if OA were included in the HELCOM process. Acartia sp. 
showed higher sensitivity to OA in combination with warming (Vehmaa et al., 2012, 2013) 
and therefore warming should be considered in combination with OA. In a multi-stress 
experiment, the zooplankton community was also more affected by warming than by OA, 
although OA modified the effects of temperature (Garzke et al., 2016). In highly eutrophicated 
areas, there is also a need for experiments that combine the effects of hypoxia and OA (Melzner 
et al., 2013), as well as experiments including fluctuating control conditions corresponding to 
in situ conditions experienced by the organisms (Reum et al., 2014, Hendriks et al., 2015). 
These kinds of experiments are, however, both expensive and time consuming to perform. 
Another aspect, not yet studied in the Baltic Sea, is the zooplankton species stage specific 
sensitivity and the sensitivity at different times of the year.  
 
6  Conclusions 
6.1 Key findings 
In this thesis, I studied the long-term changes in hydrography and pH of the Gulf of Finland 
(paper I), as well as the local variability of hydrography and the physicochemical variables at 
the entrance to the gulf. Results show that climate-related changes are detectable also in the 
GoF with decreased pH and salinity and higher sea temperature. The impact of the prevailing 
climate forcing and the input from Neva River seem to have a large effect on the hydrography 
and pH of the GoF. There is a natural variability in pH and hydrography on different time 
scales, and organisms may be adapted to large variations. In paper II vertical profiles of pH, 
salinity, oxygen and Chl a showed large amplitudes between bottom and surface and at 
different times of the day. Both species of copepods, E. affinis and Acartia spp., perform diel 
vertical migration in summer and experience changes in pH and temperature exceeding the 
projected average end of century values for this area. Moreover, laboratory-based incubations 
using copepods and water from large in situ mesocosms showed E. affinis egg production to 
be affected by both food quantity and food quality, but not directly by fCO2 (paper III), 
whereas Acartia sp. was negatively affected by TPC and showed reduced body size in high 
fCO2 (paper IV). On the other hand, maternal/transgenerational effects may alleviate the 
adverse effects of OA, as shown here in paper IV; however, the maternal effects seemed weak 
and could only protect the embryo under intermediate levels of fCO2.  
There are still parameters yet not tested for these species; we lack, for example, knowledge on 
how OA affects respiration of E. affinis and A. bifilosa. Even though E. affinis showed 
robustness towards the levels of fCO2 used in the presented studies here, there are still many 
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possible physiological processes not studied that could be affected by high CO2. It is difficult 
to draw definite conclusions from experiments using only one generation of animals.  
For copepods, the species and stage-specific responses seem to be large and, hence, definite 
conclusions about future risks are difficult to make for these organisms as a group. Due to 
warming, phytoplankton cell sizes are decreasing and species community composition changes 
will also occur (Sommer and Lengfellner, 2008, Daufresne et al., 2009). The results of this 
thesis also show the importance of food quality and food quantity and that copepods are very 
dependent on how the primary producers respond to climate change.  
 
6.2  A few thoughts on management 
In addition to decreasing pH, warming, rising sea surface, extreme weather events, floods and 
erosion pose a great threat to ecosystems and to millions of people living close to the waterline. 
With OA, the coral reefs will decline and erode, leaving large areas unprotected from storms. 
In addition, fisheries and shellfish will decline (Gattuso et al., 2015). In the Baltic Sea, our 
coastline and the life in the water will be very different within 50 years from now, but still 
there are only few actions taken to ensure a viable future sea.  
Drastically reducing CO2 emissions globally is the only way to manage the occurring climate 
change; however, even if CO2 emissions stopped today, the ocean will still be affected for 
thousands of years in terms of changed carbonate chemistry (Pelejero et al., 2010). 
Nevertheless, with restricted emissions the high threat on many ecosystems will be less severe 
(Gattuso et al., 2015). Although the changing climate and acidifying oceans are a global 
concern, the perception of threats to the ocean, and how we value the ocean vary between 
different countries and cultures. In addition, the perception of climate change and possible 
ways to manage it differs between natural and social scientists, with the latter more often 
focusing on governance and policy decisions (Boonstra et al., 2015). The effects on ecosystems 
can, however, be delayed or reduced by protecting sensitive areas and ecosystems on local 
scales, by establishing marine protected areas and no-take-zones and reduce other stressors, 
such as pollution and eutrophication. We as humans can adapt our behaviour by relocating or 
changing activities, such as fishing and land use (Strong et al., 2014, Gattuso et al., 2015).  
For the Baltic Sea, one management option is to reduce nutrients and pollutants. In the Baltic 
Sea region, Ecosystem based management (EBM) has been successful when mitigating for 
example organic contaminants (Blenckner et al., 2016). The EBM includes regulation of 
resource use and other human activities. There are only a few studies available on the effects 
of OA on Baltic Sea organisms and ecosystems, but this approach is probably one of the most 
effective ways in reducing the so-called secondary stressors and thereby alleviating the 
negative effects or by increasing ecosystem resilience through maintained diversity and 
abundance. As suggested in a report for the Finnish organisation SITRA (Bäck et al., 2016), 
there is a need for improved local measuring accuracy and in the Arctic area extended and 
well-coordinated monitoring with shared responsibilities and resources amongst countries. 
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Through improved communication and collaboration, better projections of the possible effects 
of climate change can be made (Bäck et al., 2016). Although much of the effort in the Baltic 
Sea region has been made on mitigating eutrophication and hypoxia, without including aspects 
of OA, the process will be beneficial in mitigating the latter. Due to large differences in local 
adaptation and responses, as well as differences in the local stressors, it is motivated to start 
working on a more local scale if we wish to alleviate future effects. This can be done by 
gathering data on local variability, identify stressors, build models and involve local decision 
makers and inhabitants to take actions against climate change, pollution, etc., especially in 
areas where the local environmental pressure is strong. We cannot stop OA from proceeding 
but by alleviating other stressors, we can buy time or reduce the extremes in terms of high CO2, 
low O2 and low pH.  
  
24       Anna-Karin Almén                                                                                           Åbo Akademi University  
Acknowledgements 
First, my most sincere thanks to my wonderful supervisors, Jonna Engström-Öst and Andreas 
Brutemark for support and encouragement. Jonna for always taking time to listen, help and 
discuss, and for being so enthusiastic and positive. Andreas, for your help, constructive 
comments, and for being yet so kind and supportive! I am very grateful to have had such 
engaging supervisors!   
I would like to thank Professor Erik Bonsdorff for great support and advice throughout, not 
only my PhD, but also my whole study career. Professor Harri Kuosa and Dr. Jörg Dutz are 
thanked for their thorough evaluation of the thesis manuscript. I am grateful for the financial 
support I received from Victoriastiftelsen, Walter and Andrée de Nottbeck Foundation and the 
Onni Talas Foundation. 
Special thanks go to my former colleague and co-author Anu Vehmaa, for great collaboration, 
for sharing endless hours in the cold room and for joining me on the adventurous midnight 
sampling, your expertise in statistics and for your kind support and your nerves of steel. 
My office mate and co-author Olivier Glippa, I really enjoyed collaborating with you! Thanks 
for all the help, support and enlightening discussions!  
I owe a huge thank you to several other co-authors and collaborators as well: Allanah Paul, 
Lennart Bach, Sara Furuhagen, Silke Lischka, Annegret Stuhr, Rafael Bermudez, Heidi 
Pettersson, Pekka Alenius and Fredrik Jutfelt. Special thanks to Professor Ulf Riebesell for 
letting me join the KOSMOS project, both in Tvärminne and Kristineberg. It was an 
educational experience! Bettina Sommarstorm and Lara Valentič, thank you for assisting with 
sampling and lab work and cheering up the atmosphere in the lab.  
Thanks to Tvärminne Zoological Station for providing working facilities and sampling 
equipment, and the staff, researchers and students for great company and help during the field 
season!  
It has been a great benefit to have my office in Novia in Ekenäs and to be able to work in such 
a nice environment close to home. Thanks to Wilhelm Fortelius and all my colleagues in Novia 
for your support! Andreas Lindén, thank you for advice concerning the statistics and Mikael 
Kilpi for help with photos.  
I wish I had been able to visit Åbo a bit more often. Thanks to all PhD students and personnel 
in the M&M corridor for making me feel welcome every time! Anna J., thanks for letting me 
share your office and for fun discussions and help with all kinds of practical stuff concerning 
the thesis.  
Grant, thank you for providing the cover photo! 
I feel grateful to have met so many inspiring people during my years as a PhD student. Bart 
and Beth De Stasio and Nick and Amanda, the stay in Appleton with you was amazing!  
My childhood friend Lina, thank you for always being there, no matter how long the distance 
between us, and for encouraging me to leave a full-time job to start on a PhD project, even 
Copepods in a changing sea: Ocean acidification, long-term changes and short-term variability 25 
 
though I said I never will. It was the best decision ever! Sissi, for being such a great and 
supporting friend ever since we met in Åbo, the first year of our studies. Our long walks and 
talks about everything and anything have been much appreciated. My dear friend Nora, thank 
you for taking my mind off science for a moment every now and then! My warmest thanks to 
all my other friends for your support! 
I would probably not have chosen to become a biologist if it wasn´t for my family. I would 
like to thank my parents for introducing me to natures´ fascinating wonders as a child, by taking 
me to the forest and out to sea and answering my endless questions about all the small creatures. 
It truly made a difference for my choice of career! Ett stort varmt tack till mamma och pappa 
för att ni alltid ställer upp för oss på alla sätt! Thanks to my brother Anders with family for 
great support. Thanks to my sister Maria with family for sharing my passion for nature and 
outdoor life, and for support and help whenever needed.  
Finally, yet importantly, I am deeply thankful to my husband Andrew. The past few years have 
been a roller coaster and I am truly grateful to have had you by my side! It has been a tough 
year, balancing being a mom and keeping up the work spirit, but little Evelyn is the true joy! 
She has set the priorities straight. I hope that her fascination for nature continuous to grow and 




“Där vandrade hans hav förbi i våg på våg, fräsande och överdådigt, 
  lugnt och våldsamt. Pappan slätade ut alla sina funderingar,  
 han bara levde helt och hållet, från svansspetsen ända ut i öronen” 
Tove Jansson, ur Pappan och havet 
 
  
26       Anna-Karin Almén                                                                                           Åbo Akademi University  
References 
Ackefors, H. (1969) Seasonal and vertical distribution of the zooplankton in the Askö area 
(Northern Baltic Proper) in relation to hydrographical conditions. Oikos 20: 480–492. 
Ahtiainen, H., Artell, J., Elmgren, R., Hasselström, L., Håkansson, C. (2014) Baltic Sea nutrient 
reductions–What should we aim for? J. Environ. Manage. 145: 9–23. 
Alheit, J., Möllmann, C., Dutz, J., Kornilovs, P., Loewe, P., Morholtz, V., Wasmund, N. (2005) 
Synchronous ecological regime shifts in the Baltic sea and the North Sea in late 1980´s. ICES 
J. Mar. Sci. 62: 1205–1215.  
BACC II Author Team (2015) Second Assessment of Climate Change for the Baltic Sea Basin. New 
York: Springer-Verlag.  
Banse, K., 1995. Zooplankton: Pivotal role in the control of ocean production. I. Pivotal role in the 
control of ocean production: I. Biomass and production. ICES J. Mar. Sci. 52: 265–277. 
Beldowski J., Löffler, A., Schneider, B., Joensuu, L. (2010) Distribution and biogeochemical 
control of total CO2 and alkalinity in the Baltic Sea. J. Marine Syst. 81: 252–259. 
Bermúdez, R., Winder, M., Stuhr, A., Almén, A-K., Engström-Öst, J., Riebesell, U. (2016) Effect 
of ocean acidification on the structure and fatty acid composition of a natural plankton 
community in the Baltic Sea. Biogeosciences 13: 1–10, www.biogeosciences.net/ 
13/1/2016/doi:10.5194/bg-13-1-2016. 
Blenckner, T., Österblom, H., Larsson, P., Andersson, A., Elmgren, R. (2016) Baltic Sea 
ecosystem-based management under climate change: Synthesis and future challenges. AMBIO 
44(Suppl. 3): S507–S515. 
Boonstra,W.J., Ottosen, K.M., Ferreira, A.S.A., Richter, A., Rogers, L.A., Pedersen, M.W. et al. 
(2015) What are the major global threats and impacts in marine environments? Investigating the 
contours of a shared perception among marine scientists from the bottom-up. Mar. Pol. 60: 197–
201. 
Briffa, M., de la Haye, K., Munday, P.L. (2012) High CO2 and marine animal behaviour: Potential 
mechanisms and ecological consequences. Mar. Pollut. Bull. 64: 1519–1528. 
Brutemark, A., Engström-Öst, J., Vehmaa, A. (2011) Long-term monitoring data reveal pH 
dynamics, trends and variability in the western Gulf of Finland. Oceanol. Hydrobiol. Stud. 
40(3): 91–94. 
Burris, J.E. (1980) Vertical migration of zooplankton in the Gulf of Finland. Am. Midl. Nat. 103: 
316–321. 
Bäck, J., Damski, J., Haavisto, P., Kauppi, L., Latola, K., Liski, M., Lund, P., Pantsar, M., 
Pekkanen, J., Tynkkynen, O., Varis, O., Walls, M. (Ed: Poussa, L) (2016) Ottakaa tämä 
vakavasti! Asiantuntijanäkemyksiä ilmastonmuutoksen vaikutuksista (in Finnish). SITRA 
Foundation, http://www.sitra.fi/julkaisut/Muut/Ottakaa_tama_vakavasti.pdf (accessed 
2.1.2017). 
Cai, W.J., Hu, X.P., Huang, W.J., Murrell, M.C., Lehrter, J.C., Lohrenz, S.E., Chou, W.C., Zhai, 
W.D., Hollibaugh, J.T., Wang, Y.C., Zhao, P.S., Guo, X.H., Gundersen, K., Dai, M.H., Gong, 
G.C. (2011) Acidification of subsurface coastal waters enhanced by eutrophication. Nat. Geosci. 
4: 766–770. 
Caldeira, K., Wickett, M.E. (2003) Anthropogenic carbon and ocean pH. Nature 425: 365. 
Copepods in a changing sea: Ocean acidification, long-term changes and short-term variability 27 
 
Carstensen, J., Sánchez-Camacho, M. Duarte, C.M., Krause-Jensen, D., Marbà, N. (2011) 
Connecting the dots: responses of coastal ecosystems to changing nutrient concentrations. Env. 
Sci.Tech. 45: 9122–9132. 
Cripps, G., Flynn, K.J., Lindeque, P.K. (2016) Ocean acidification affects the phyto-zoo plankton 
trophic transfer efficiency. PLoS ONE 11(4): e0151739. doi: 10.1371/journal.pone.0151739. 
Cripps, G., Lindeque, P., Flynn, K.J. (2014) Parental exposure to elevated pCO2 influences the 
reproductive success of copepods. J. Plankton Res. 36: 1165–1174. 
Cushing, D.H., (1990) Plankton production and year-class strength in fish populations- an update 
of the match mismatch hypothesis. Adv. Mar. Biol. 26: 249–296. 
Dam, H. (2013) Evolutionary adaptation of marine zooplankton to global change. Annu. Rev. Mar. 
Sci. 5: 9.1–9.22.  
Daufresne, M., Lengfellner, K., Sommer, U. (2009) Global warming benefits the small in aquatic 
ecosystems. PNAS 106(31): 12788–12793.  
Doney, S.C., Fabry, V.J., Feely, R.A., Kleypas, J.A. (2009) Ocean Acidification: The other CO2 
problem. Ann. Rev. Mar. Sci. 1: 169–192. 
Doney, S.C., Mahowald, N., Lima, I., Feely, R.A., Mackenzie, F.T., Lamarque, J.-F., Rasch, P.J. 
(2007) Impact of anthropogenic atmospheric nitrogen and sulfur deposition on ocean 
acidification and the inorganic carbon system. Proc. Natl. Acad. Sci. USA 104:14580–14585. 
Duarte, C.M., Hendriks, I.E., Moore, T.S., Olsen, Y.S., Steckbauer, A. Ramajo, L., Carstensen, J., 
Trotter, J.A., McCulloc, M. (2013) Is ocean acidification an open-ocean syndrome? 
Understanding anthropogenic Impacts on Seawater pH. Estuar. Coast. 36: 221–236.  
Fabry, V.J., Seibel, B.A., Feely, R.A., Orr, J.C. (2008) Impacts of ocean acidification on marine 
fauna and ecosystem processes. ICES J. Mar. Sci. 65: 414–432. 
Feely, R.A., Sabine, C.L., Hernandez-Ayon, J.M., Ianson, D., Hales, B. (2008) Evidence for 
upwelling of corrosive “acidified” water onto the continental shelf. Science 320: 1490–1492. 
Fitzer, S.C., Caldwell, G.S., Close, A.J., Clare, A.S., Upstill-Goddard, R.C., Bentley, M.G. (2012) 
Ocean acidification induces multi-generational decline in copepod naupliar production with 
possible conflict for reproductive resource allocation. J. Exp. Mar. Biol. Ecol. 418–419: 30–36. 
Flinkman, J., Vuorinen, E.I., Viitasalo, M. (1998) Changes in northern Baltic zooplankton and 
herring nutrition from 1980s to 1990s: top-down and bottom-up processes at work. Mar. Ecol. 
Prog. Ser. 165: 127–136. 
Funkey, C.P., Conley, D.J., Reuss, N.S., Humborg, C., Jilbert, T., Slomp, C.P. (2014) Hypoxia 
sustains cyanobacteria blooms in the Baltic Sea. Environ. Sci. Technol. 48(5): 2598–2602. 
Garzke, J., Hansen, T., Ismar, S.M.H., Sommer, U. (2016) Combined effects of ocean warming and 
acidification on copepod abundance, body size and fatty acid content. PLoS ONE 11(5): 
e0155952.doi: 10.1371/journal.pone.0155952. 
Gattuso, J-P, Magnan, A., Billé, R., Cheung, W.W.L., Howes, E.L., Joos, F., Allemand, D., Bopp, 
L, Cooley, S.R., Eakin, C.M., Hoegh-Guldberg, O., Kelly, R.P., Pörtner, H.-O., Rogers, A.D., 
Baxter, J.M., Laffoley, D., Osborn, D., Rankovic, A., Rochette, J., Sumaila, U.R., Treyer, S., 
Turley, C. (2015) Contrasting futures for ocean and society from different anthropogenic CO2 
emissions scenarios. Science 349: aac4722, DOI:10.1126/science.aac4722. 
Gorokhova, E., Löf, M., Reutgard, M., Lindström, M., Sundelin, B. (2013) Exposure to 
contaminants exacerbates oxidative stress in amphipod Monoporeia affinis subjected to 
fluctuating hypoxia. Aquat. Toxicol. 127: 46-53. 
28       Anna-Karin Almén                                                                                           Åbo Akademi University  
Gustafsson, E., Wällstedt, T., Humborg, C., Mörth, M., Gustafsson. B.G. (2014) External total 
alkalinity loads versus internal generation: The influence of nonriverine alkalinity sources in the 
Baltic Sea. Global Biogeochem. Cycles 28: 1358–1370. doi:10.1002/2014GB004888. 
Gustafsson, E., Omstedt, A., Gustafsson, B.G. (2015) the air-water CO2 exchange of a coastal sea– 
A sensitivity study on factors that influence the absorbtion and outgassing of CO2 in the Baltic 
Sea. J. Geophys. Res. Oceans 120: 1–15. doi: 10.1002/2015JC010832. 
Havenhand, J. (2012) How will ocean acidification affect Baltic Sea ecosystems? An assessment 
of plausible impacts on key functional groups. AMBIO 41: 637–644. 
Hays, G.C. (2003) A review of the adaptive significance and ecosystem consequences of 
zooplankton diel vertical migrations. Hydrobiologia 503: 163–170. 
HELCOM (2013) Climate change in the Baltic Sea Area: HELCOM thematic assessment in 2013. 
Balt. Sea Environ. Proc. No. 137. 
Hendriks I.E., Duarte, C.M, Olsen, Y.A., Steckbauer, A., Ramajo, L., Moore, T.S., Trotter, J.A., 
McCulloch, M. (2015) Biological mechanisms supporting adaptation to ocean acidification in 
coastal ecosystems. Est. Coast. Shelf Sci. 152: A1–A8. 
Hernroth, L., Ackefors, H. (1979) The zooplankton of the Baltic Proper. Report, Fishery Board of 
Sweden, Institute Marine Research 2: 1–60. 
Hildebrandt N. (2014) The response of three dominant Arctic copepod species to elevated CO2 
concentrations and water temperatures. PhD thesis, Alfred Wegener Institute, 173 pp. 
Hinrichsen, H-H., Möllmann, C., Voss, R., Köster, F.W., Kornilovs, G. (2002) Biophysical 
modeling of larval Baltic cod (Gadus morhua) growth and survival. Can. J. Fish. Aquat. Sci. 
59(12): 1858–1873. 
Hjalmarsson, S., Wesslander, K., Anderson, L.G., Omstedt, A., Perttilä, M., Mintrop, L., (2008) 
Distribution, long-term development and mass balance calculation of total alkalinity in the 
Baltic Sea. Cont. Shelf Res. 28(4–5): 593–601. 
Hoikkala, L., Kortelainen, P., Soinne, H., Kuosa, H. (2015) Dissolved organic matter in the Baltic 
Sea. J. Mar. Sys. 142: 47–61. 
Holliland, P.B., Ahlbeck, I., Westland, E., Hansson, S. (2012) Ontogenic and seasonal changes in 
diel vertical migration amplitude of the calanoid copepods Eurytemora affinis and Acartia spp. 
in a coastal area of the northern Baltic proper. J. Plankton Res. 34: 298–307. 
Humes, A.G. (1994) How many copepods? Hydrobiologia 292/293: 1–7. 
IPCC (2013) Climate Change 2013: The Physical Science Basis. Contribution of Working Group I 
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, edited by: 
Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, 
Y., Bex, V., Midgley, P.M., Cambridge University Press, Cambridge, United Kingdom and New 
York, NY, USA, 1535 pp.  
Isari, S., Zervoudaki, S., Saiz, E., Pelejero, C., Peters, J. (2015) Copepod vital rates under CO2-
induced acidification: a calanoid species and a cyclopoid species under short term exposures. J. 
Plankton. Res. 37: 912–922. 
Johnson, Z.I., Wheeler, B.J., Blinebry, S.K., Carlson, C.M., Ward, C.S., Hunt, D.E. (2013) 
Dramatic variability of the carbonate system at a temperate coastal site (Beaufort, North 
Carolina, USA) is regulated by physical and biogeochemical processes on multiple timescales. 
PLoS ONE 8(12): e85117. doi: 10.1371/journal.pone.0085117. 
Copepods in a changing sea: Ocean acidification, long-term changes and short-term variability 29 
 
Jutfelt, F., Bresolin de Souza, K., Vuylsteke, A., Sturve, J. (2013) Behavioural disturbances in a 
temperate fish exposed to sustained high-CO2 levels. PLoS ONE 8: e65825. 
Kabel, K., Moros, M., Porsche, C., Neumann, T., Adolphi, F., Andersen, T.J., Siegel, H., Gerth, 
M., Leipe, T., Jansen, E., Sinninghe Damsté, J.S. (2012) Impact of climate change on the Baltic 
Sea ecosystem over the past 1,000 years. Nat. Clim. Change 2: 871–874. 
doi:10.1038/NCLIMATE1595.  
Kankaala, P. (1987) Structure, dynamics and production of mesozooplankton community in the 
Bothnian Bay, related to environmental factors. Int. Rev. Gesamten Hydrobiol. 72: 121–146. 
Katajisto, T., Viitasalo, M., Koski, M. (1998) Seasonal occurrence and hatching of calanoid eggs 
in sediments of the northern Baltic Sea. Mar. Ecol. Prog. Ser. 163: 133–143. 
Kelly M.W., Hofmann, G.E. (2013). Responses to global climate change, Adaptation and the 
physiology of ocean acidification. Funct. Ecol. 27: 980–990.   
Knuckey, R.M., Semmens, G.L., Mayer, R.J., Rimmer, M.A. (2005) Development of an optimal 
microalgal diet for the culture of the calanoid copepod Acartia sinjiensis: Effect of algal species 
and feed concentration on copepod development. Aquaculture 249: 339–51. 
Koski, M., Yebra, L., Dutz, J., Jónasdóttir, S.H., Vidoudez, C., Jakobsen, H.H., Pohnert, G., 
Nejstgaard, J.C. (2012) The effect of egg versus seston quality on hatching success, naupliar 
metabolism and survival of Calanus finmarchicus in mesocosms dominated by Phaeocystis and 
diatoms. Mar Biol. 3: 643–660. 
Kroeker, K., Kords, R.L., Crim, R., Hendriks, I., Ramajo, L., Singh, G., Duarte, C.M. Gattuso, J.-
P. (2013) Impacts of ocean acidiﬁcation on marine organisms: quantifying sensitivities and 
interaction with warming. Global Change Biol. 19: 1884–1896, doi: 10.1111/gcb.12179. 
Kurihara, H., Ishimatsu, A. (2008) Effects of high CO2 seawater on the copepod (Acartia tsuensis) 
through all life stages and subsequent generations. Mar. Poll. Bull. 56:1086–1090. 
Kuliński, K., Schneider, B., Hammer, K., Machulik, U., Schulz-Bull, D. (2014) The influence of 
dissolved organic matter on the acid–base system of the Baltic Sea. J. Mar. Syst. 132: 106–115. 
Launiainen, J., Koljonen, J. (1982) Variation of salinity at Finnish fixed hydrographic stations in 
the Gulf of Finland and the river runoff to the Baltic Sea. Meri 11: 39–50. 
Lee, C.E. (1999) Rapid and repeated invasions of fresh water by the copepod Eurytemora affinis. 
Evolution 53(5): 1423–1434. 
Lehmann, A., Getzlaff, K., Harlaß, J. (2011) Detailed assessment of climate variability of the Baltic 
Sea area for the period 1958-2009. Clim. Res. 46(2): 185–196. 
Lesser, M.P. (2006) oxidative stress in marine environments. Annu. Rev. Physiol. 68: 253–78. 
Lewis, C.N., Brown, K.A., Edwards, L.A., Cooper, G., Findlay, H.S. (2013) Sensitivity to ocean 
acidification parallels natural pCO2 gradients experienced by arctic copepods under winter sea 
ice. Proc. Natl. Acad. Sci. U. S. A. 110, E4960–E4967. 
Le Quéré, C., Moriarty, R., Andrew, R.M., Canadell, J.G., Sitch, S., Korsbakken, J.I. et al. (2015) 
Global Carbon Budget 2015, Earth Syst. Sci. Data 7: 349-396, doi:10.5194/essd-7-349. 
Lischka, S., Bach, L.T., Schulz, K.-G., Riebesell, U. (2015) Micro- and mesozooplankton 
community response to increasing CO2 levels in the Baltic Sea: insights from a large-scale 
mesocosm experiment, Biogeosciences Discuss. 12: 20025-20070, doi:10.5194/bgd-12-20025-
2015.  
Mauchline J. (1998) The Biology of calanoid copepods. Academic Press, San Diego, 710 pp.  
30       Anna-Karin Almén                                                                                           Åbo Akademi University  
Mayor, D.J., Everett, N.R., Cook, K.B. (2012) End of century ocean warming and acidification 
effects on reproductive success in a temperate marine copepod. J. Plankton Res. 34: 258–262. 
McConville, K., Halsband, C., Fileman, E.S., Somerfield, P.J., Findlay, H.S., Spicer, J.I. (2013) 
Effects of elevated CO2 on the reproduction of two calanoid copepods. Mar. Pollut. Bull. 73: 
428–434. 
Melzner, F., Thomsen, J., Koeve, W., Oschlies, A., Gutowska, M.A., Bange, H.W., Hansen, H-P, 
Körtzinger, A. (2013) Future ocean acidification will be amplified by hypoxia in coastal 
habitats. Mar. Biol. 160: 1875–1888. 
Meunier, C.L., Algueró-Muñiz, A., Horn, H.G., Lange, J.A.F., Boersma, M. (2016) Direct and 
indirect effects of near-future pCO2 levels on zooplankton dynamics. Mar. Fresh. Res.  
http://dx.doi.org/10.1071/MF15296. 
Merkouriadi, I., Leppäranta, M. (2014) Long-term analysis of hydrography and sea-ice data in 
Tvärminne, Gulf of Finland, Baltic Sea. Clim. Change 124(4): 849–859. 
Monaghan, P., Metcalfe, N.B., Torres, R. (2009) Oxidative stress as a mediator of life history trade-
offs: mechanisms, measurements and interpretation. Ecol. Lett. 12: 75–92.  
Mostofa, K. M. G., Liu, C.-Q., Zhai, W., Minella, M., Vione, D., Gao, K., Minakata, D., Arakaki, 
T., Yoshioka, T., Hayakawa, K., Konohira, E., Tanoue, E., Akhand, A., Chanda, A., Wang, B., 
Sakugawa, H. (2016) Reviews and Syntheses: Ocean acidification and its potential impacts on 
marine ecosystems. Biogeosciences 13: 1767-1786, doi:10.5194/bg-13-1767-2016.  
Motwani, N.H., Gorokhova, E. (2013) Mesozooplankton grazing on picocyanobacteria in the Baltic 
Sea as inferred from molecular diet analysis. PLoS ONE 8(11): e79230. doi: 
10.1371/journal.pone.0079230. 
Müller, J.D., Schneider, B. Rehder, G. (2016) Long-term alkalinity trends in the Baltic Sea and 
their implications for CO2-induced acidification. Limnol. Oceanogr. 61(6): 1984–2002. 
Omstedt, A., Edman, M.O.A., Anderson, L.G., Laudon, H. (2010) Factors influencing the acid–
base (pH) balance in the Baltic Sea: a sensitivity analysis. Tellus B 62(4): 280–295. 
Omstedt, A., Humborg, C., Pempkowiak, J., Perttilä, M., Rutgersson, A., Schneider, B., Smith, B. 
(2014) Biogeochemical control of the coupled CO2–O2 system of the Baltic Sea: A Review of 
the Results of Baltic-C. AMBIO 43(1): 49–59. 
Orr, J.C. (2011) Recent and future changes in ocean carbonate chemistry, in Ocean Acidification, 
ed. J.-P. Gattuso, Hansson, L., Oxford University Press, p 41–66. 
Paul, A.J., Bach, L.T., Schulz, K.-G., Boxhammer, T., Czerny, J., Achterberg, E.P., Hellemann, D., 
Trense, Y., Nausch, M., Sswat, M., Riebesell, U. (2015) Effect of elevated CO2 on organic 
matter pools and fluxes in a summer Baltic Sea plankton community. Biogeosciences, 12: 6181–
6203, doi:10.5194/bg-12-6181-2015. 
Pedersen, S.A., Håkedal, O.L., Salaberria, I., Tagliati, A., Gustavson, L.M., Jenssen, B.M., Olsen, 
A.J., Altin, D. (2014a) Multigenerational exposure to ocean acidification during food limitation 
reveals consequences for copepod scope for growth and vital rates. Environ. Sci. Technol. 48: 
12275–12284. 
Pedersen, S.A., Våge, V.V., Olsen, A.J., Hammer, K.M., Altin, D. (2014b) Effects of elevated 
carbon dioxide (CO2) concentrations on early developmental stages of the marine copepod 
Calanus finmarchicus Gunnerus (Copepoda: Calanoidae). J. Toxicol. Env. Heal. A 77: 535–549. 
Pelejero, C., Calvo, E., Hoegh-Guldberg, O. (2010) Paleo-perspectives on ocean acidification. 
Trends Ecol.  Evol. 25 (6): 332–344. 
Copepods in a changing sea: Ocean acidification, long-term changes and short-term variability 31 
 
Peltonen, H., Vinni, M., Lappalainen, A. Pönni, J. (2004) Spatial feeding patterns of herring 
(Clupea harengus L.), sprat (Sprattus sprattus L.), and the three-spined stickleback 
(Gasterosteus aculeatus L.) in the Gulf of Finland, Baltic Sea. ICES J. Mar. Sci. 61: 966–971. 
Pörtner, H.O., Langenbuch, M., Michaelidis, B. (2005) Synergistic effects of temperature extremes, 
hypoxia, and increases in CO2 on marine animals: From Earth history to global change, J. 
Geophys. Res. 110: C09S10, doi:10.1029/2004JC002561. 
R Development Core Team (2012) R: A language and environment for statistical computing, R 
Foundation for Statistical Computing, Vienna, Austria. 
Reum, J.C.P., Alin, S.R., Feely, R.A., Newton, J., Warner, M., McElhany, P. (2014) Seasonal 
carbonate chemistry covariation with temperature, oxygen, and salinity in a fjord estuary: 
Implications for the design of ocean acidification experiments. PLoS ONE 9(2): e89619. doi: 
10.1371/journal.pone.0089619. 
Reusch, T.B.H. (2014) Climate change in the oceans: evolutionary versus phenotypically plastic 
responses of marine animals and plants. Evol. appl. 7: 104–122. 
Richardson, A.J. (2008) In hot water: zooplankton and climate change. ICES J. Mar. Sci. 65: 279–
295. 
Riebesell U., Fabry V.J., Hansson L., Gattuso J.-P. (Eds.) (2010) Guide to best practices for ocean 
acidification research and data reporting. Luxembourg: Publications Office of the European 
Union, 260 pp. 
Riebesell, U., Czerny, J., von Bröckel, K., Boxhammer, T., Büdenbender, J., Deckelnick, M., 
Fischer, M., Hoffmann, D., Krug, S.A., Lentz, U., Ludwig, A., Muche, R., Schulz, K.G.  (2013) 
Technical Note: A mobile sea-going mesocosm system – new opportunities for ocean change 
research, Biogeosciences 10: 1835–1847, doi:10.5194/bg-10-1835-2013.  
Rollwagen Bollens, G.C., Penry, D.L. (2003) Feeding dynamics of Acartia spp. copepods in a large, 
temperate estuary (San Francisco Bay, CA), Mar. Ecol. Prog. Ser. 257: 139–158. 
Rossoll, D., Bermúdez, R., Hauss, H., Schulz, K.G., Riebesell, U., Sommer, U., Winder, M. (2012) 
Ocean acidification-induced food quality deterioration constrains trophic transfer. PLoS ONE 
7(4): e34737. doi:10.1371/journal.pone.0034737 
Rönkkönen, S., Ojaveer, E., Raid, T., Viitasalo, M. (2004) Long-term changes in Baltic herring 
(Clupea harengus membras) growth in the Gulf of Finland. Can. J. Fish Aquat. Sci. 61: 219–
229. 
Schminke, H.K. (2007) Entomology for the copepodologist. J. Plankton Res. 29 (suppl 1): i149-
i162, doi:10.1093/plankt/fbl073. 
Schoo, K.L, Malzahn, A.M., Krause, E., Boersma, M. (2013) Increased carbon dioxide availability 
alters phytoplankton stoichiometry and affects carbon cycling and growth of a marine 
planktonic herbivore. Mar. Biol. 160: 2145–2155. 
Schulz, K.G., Riebesell, U. (2013) Diurnal changes in seawater carbonate chemistry speciation at 
increasing atmospheric carbon dioxide. Mar. Biol. 160: 1889–1899.  
Shaw, E.C., Munday, P.L., McNeil, B.I. (2013) The role of CO2 variability and exposure time for 
biological impacts of ocean acidification. Geophys. Res. Lett. 40: 4685–4688. 
Smith, S.M., Nager, R.G., Costantini, D. (2016). Meta‐analysis indicates that oxidative stress is 
both a constraint on and a cost of growth. Ecol. Evol. 6(9): 2833–2842.  
Sommer, U., Lengfellner, K. (2008) Climate change and the timing, magnitude and composition of 
the phytoplankton spring bloom. Glob. Change Biol. 14: 1199–1208. 
32       Anna-Karin Almén                                                                                           Åbo Akademi University  
Soomere T., Myrberg K., Leppäranta M., Nekrasov A. (2008) The progress in knowledge of 
physical oceanography of the Gulf of Finland: a review for 1997-2007. Oceanologia 50: 287–
362. 
Strong, A.L., Kroeker, K., Teneva, L.T, Mease, L.A., Kelly, R. (2014) Ocean acidification 2.0: 
Managing our changing coastal ocean chemistry. BioScience 64: 581–592. 
Suikkanen, S., Laamanen, M., Huttunen, M. (2007) Long-term changes in summer phytoplankton 
communities of the open northern Baltic Sea. Est. Coast. Shelf Sci. 71: 580–592. 
Suikkanen, S., Pulina, S., Engström-Öst, J., Lehtiniemi, M., Lehtinen, S., Brutemark, A. (2013) 
Climate change and eutrophication induced shifts in northern summer plankton communities. 
PLoS ONE, doi: 10.1371/journal.pone.0066475. 
Sunda, W.G., Cai, W.J. (2012). Eutrophication induced CO2-acidification of subsurface coastal 
waters: interactive effects of temperature, salinity, and atmospheric PCO2. Environ. Sci. 
Technol. 46: 10651–10659. 
SYKE (2016) The Gulf of Finland assessment. Reports of the Finnish environment institute 27. 
https://helda.helsinki.fi/handle/10138/166296. Accessed 14 November 2016. 
Thor, P., Bailey, A., Halsband, C., Guscelli, E., Gorokhova, E., Fransson, A. (2016) Seawater pH 
predicted for the year 2100 affects the metabolic response to feeding in copepodites of the arctic 
copepod Calanus glacialis. PLoS ONE 11(12): e0168735. doi: 10.1371/journal.pone.0168735. 
Thor, P., Dupont, S. (2015) Transgenerational effects alleviate severe fecundity loss during ocean 
acidification in a ubiquitous planktonic copepod. Glob. Change Biol. 21: 2261–2271. 
Thor, P., Oliva, E.O. (2016) Ocean acidification elicits different energetic responses in an Arctic 
and a boreal population of the copepod Pseudocalanus Acuspes. Mar. Biol. 162: 799–807. 
Torke, B. (2001) The distribution of calanoid copepods in the plankton of Wisconsin Lakes. 
Hydrobiologia 453/454: 351–365. 
Torstensson, A., Hedblom, M., Andersson, J., Andersson, M.X., Wulff, A. (2013) Synergism 
between elevated pCO2 and temperature on the Antarctic sea ice diatom Nitzschia lecointei. 
Biogeosciences 10: 6391-6401, doi:10.5194/bg-10-6391-2013.  
Vehmaa, A., Brutemark, A., Engström-Öst, J. (2012) Maternal effects may act as an adaptation 
mechanism for copepods facing pH and temperature changes. PLoS ONE 7, e48538, doi: 
10.1371/journal.pone.0048538. 
Vehmaa, A., Hogfors, H., Gorokhova, E., Brutemark, A., Holmborn, T., Engström-Öst, J., (2013) 
Projected marine climate change: effects on copepod oxidative status and reproduction. Ecol. 
Evol. 13: 4548–4557, doi:10.1002/ece3.839. 
Viherluoto, M. (2001) Food selection and feeding behaviour of Baltic Sea mysid shrimps. PhD 
thesis, University of Helsinki. 35 pp. 
Viitasalo, M. (1992) Mesozooplankton of the Gulf of Finland and Northern Baltic proper- A review 
of monitoring data. Ophelia 35: 147–168. 
Voss, R., Schmidt, J.O., Schnack, D. (2007) Vertical distribution of Baltic sprat larvae: changes in 
patterns of diel migration? ICES J. Mar. Sci. 64: 956–962. 
Waldbusser, G.G., Salisbury, J.E. (2014) Ocean acidification in the coastal zone from an organism’s 
perspective: multiple system parameters, frequency domains, and habitats. Annu. Rev. Mar. Sci. 
6: 221–247. 
Copepods in a changing sea: Ocean acidification, long-term changes and short-term variability 33 
 
Wallace, R.B., Baumann, H., Grear, J.S., Aller, R.C., Gobler, C.J. (2014) Coastal ocean 
acidification: The other eutrophication problem. Estuar. Coast. Shelf Sci. 148: 1–13. 
Wassmann, P. (1998) Retention vs. export food chains: processes controlling sinking loss from 
marine pelagic systems. Hydrobiologia 363: 29–57. 
Wesslander, K., Omstedt, A., Schneider, B. (2010) Inter-annual and seasonal variations in the air–
sea CO2 balance in the central Baltic Sea and the Kattegat. Cont. Shelf Res. 30(14): 1511–1521. 
Westerbom, M. (2006) Population dynamics of blue mussels in a variable environment at the edge 
of their range. PhD thesis, University of Helsinki, 130 pp. 
Weydmann, A., Søreide, J.E., Kwasniewski, S., Widdicombe, S. (2012) Influence of CO2-induced 
acidification on the reproduction of a key Arctic copepod Calanus glacialis. J. Exp. Mar. Biol. 
Ecol. 428: 39–42. 
Wood, H.L., Sundell, K., Almroth, B.C., Sköld, H.N., Eriksson, S.P. (2016) Population-dependent 
effects of ocean acidification. Proc. R. Soc. B 283: 20160163. doi.org/10.1098/rspb.2016.0163. 
Ylöstalo, P., Seppälä, J., Kaitala, S., Maunula, P., Simis, S. (2016) Loadings of dissolved organic 
matter and nutrients from the Neva River into the Gulf of Finland – Biogeochemical 
composition and spatial distribution within the salinity gradient. Mar. Chem. 186: 58–71. 
Zeebe, R.E., Wolf-Gladrow, D. (2001) CO2 in seawater: equilibrium, kinetics, isotopes, in: Elsevier 
Oceanography Series, 65, Elsevier, Amsterdam, London, New York. 360 pp. 
Zervoudaki, S., Frangoulis, C., Giannoudi, L., Krasakopoulou, E. (2014) Effects of low pH and 
raised temperature on egg production, hatching and metabolic rates of a Mediterranean copepod 
species (Acartia clausi) under oligotrophic conditions. Mediterr. Mar. Sci. 15: 74–83. 
  
Copepods in a changing sea: 




Environmental and Marine Biology







én   |   C
opepods in a changing sea: O
cean acidification, long-term
 changes and short-term
 variability   |   2017
